Background: Epigenetic mechanisms such as altered DNA methylation have been suggested to play a role in autism, beginning with the classical association of PraderWilli syndrome, an imprinting disorder, with autistic features. Objectives: Here we tested for the relationship of paternal sperm DNA methylation with autism risk in offspring, examining an enriched-risk cohort of fathers of autistic children. Methods: We examined genome-wide DNA methylation (DNAm) in paternal semen biosamples obtained from an autism spectrum disorder (ASD) enriched-risk pregnancy cohort, the Early Autism Risk Longitudinal Investigation (EARLI) cohort, to estimate associations between sperm DNAm and prospective ASD development, using a 12-month ASD symptoms assessment, the Autism Observation Scale for Infants (AOSI). We analysed methylation data from 44 sperm samples run on the CHARM 3.0 array, which contains over 4 million probes (over 7 million CpG sites), including 30 samples also run on the Illumina Infinium HumanMethylation450 (450K) BeadChip platform ($485 000 CpG sites). We also examined associated regions in an independent sample of postmortem human brain ASD and control samples for which Illumina 450K DNA methylation data were available. Results: Using region-based statistical approaches, we identified 193 differentially methylated regions (DMRs) in paternal sperm with a family-wise empirical P-value
Introduction
Autism spectrum disorder (ASD) is a complex neurodevelopmental disorder characterized by deficits in communication and social behaviours, as well as stereotypic movements. 1 Recent estimates from the Autism and Developmental Disabilities Monitoring (ADDM) Network report the prevalence of ASD among 8-year-old US children to be 1 in 68. 2 The recurrence rate of ASD among children with an older affected sibling is estimated at 18.7% [95% confidence interval (CI) ¼ 13.3% to 25 .5%] in the Baby Siblings Research Consortium, 3 representing 10-fold enrichment over the general population. Neuroanatomy evidence, 4, 5, 6 teratogen exposure studies 7, 8 and very early life behaviour differences 9 suggest that ASD neurobiology likely begins during the in utero period. Intervention research demonstrates early identification and diagnosis lead to better treatment outcomes for children with ASD, 10 thus identification of prenatal or early life ASD risk factors are critical to disease prevention or mitigation.
The aetiology of ASD is incompletely characterized, and recent heritability estimates suggest approximately equal contribution from genetic and environmental risk factors. 11, 12 Several large genome-wide studies have identified de novo and inherited genetic risk factors for ASD, 13 ,14 yet there appears to be high genetic heterogeneity and much of the overall ASD risk has not yet been explained. 15 Similarly, evidence of prenatal toxicant risk factors for ASD is growing, but is inconsistent to date. 16, 17 Parental characteristics may be associated with ASD risk; numerous studies have observed associations between advanced paternal age, 18 maternal age 19 or both. 20 Parental age, particularly paternal age, has been implicated in de novo genetic findings for ASD 21, 22 and has been associated with brain expression of particular genes in offspring. 23 Other paternal risk factors might also be important, however. In vitro fertilization by intracytoplasmic sperm injection is associated with an increased frequency of autism that is specific for method, with a 4.6-fold increased risk after surgical sperm extraction and > 9-fold if also associated with preterm birth.
as DNA methylation (DNAm), represents an important intersection of genetic and environmental influences that may be particularly relevant for ASD. DNAm alterations have been observed in multiple regions of post-mortem brains of individuals with ASD compared with controls 25 and between blood samples from discordant ASD twins. 26 Epigenetic changes to the developing fetus may underscore risk of ASD, 27 and nutritional deprivation can impact on the male germline with epigenetic changes to the offspring. 28 In the current project, we examine genome-wide DNAm in paternal semen biosamples obtained from an ASD enriched-risk birth cohort to estimate associations between sperm DNAm and prospective ASD development, using a 12-month ASD symptoms assessment. We used two DNAm measurement approaches with complementary types of information. We lastly examined regions showing association with early autism symptoms in an independent sample of post-mortem human brain ASD and control samples. 25 
Methods

Study sample
Semen samples (n ¼ 44) were obtained from fathers of families enrolled in the Early Autism Risk Longitudinal Investigation (EARLI), an autism enriched-risk pregnancy cohort that focuses on the prenatal and early life periods of newborns who have biological siblings already diagnosed with an ASD. 29 For diseases such as ASD that demonstrate familial aggregation, disease-specific familial enriched-risk cohort studies represent an attractive alternative to large birth cohorts. 30 In enriched-risk studies, subjects are oversampled for increased familial risk, increasing power to detect associations between risk factors and disease. 29 The EARLI study is comprised of four data collection sites (Drexel University, Johns Hopkins University, University of California, Davis, and Kaiser Permanente Division of Research) and includes prospective collection of biological samples from multiple family members along with environmental, questionnaire, interview and clinical assessment data collected at multiple time points throughout the pregnancy and through age 3 years of the newborn sibling. 29 The EARLI study was reviewed and approved by Human Subjects Institutional Review Boards (IRBs) from each of the four study sites. The samples analysed within this project were collected from biological fathers of infant siblings using a homecollection semen kit distributed at the time of enrolment, typically in the first or second trimester of pregnancy. Semen collection kits with instructions were mailed to the father of the current pregnancy prior to the first prenatal visit. The goal was to collect the semen sample as close to the time of the family's enrolment in EARLI as possible, but samples were accepted any time during the study. Paternal demographic information was collected via the EARLI paternal interview (or, if unavailable, from the maternal interview). Paternal age for each biosample was calculated by subtracting the father's date of birth from the date of sample collection.
A total of 44 sperm DNA samples were available for CHARM DNA methylation (DNAm) analysis, and an overlapping validation set of 30 
Statistical analyses
Data pre-processing CHARM raw data were pre-processed using the CHARM package (v.2.8.0) 35 in R (version 3.0.3). Briefly, probelevel percentage DNAm estimates were obtained by first removing background signal using anti-genomic background probes, followed by normalization using control probes (loess for within arrays, followed by quantile between arrays). After normalization, we excluded background, control and repetitive probe groups, yielding 3 811 046 total probes per array for each of the 44 discovery samples. Surrogate variable analysis (SVA) was then performed on these percentage methylation estimates to estimate latent factors influencing DNAm levels which typically represent 'batch' effects. 36 We estimated the number of surrogate variables (SVs) to include in our statistical models using the Buja and Eyuboglu ('be') algorithm, which identifies how many latent variables are present in the data. 37 Then the SVA algorithm estimates these SVs which are adjusted for as confounders in downstream differential methylation bumphunting analysis. Validation 450 K raw data were pre-processed using the minfi package (v.1.10.1) in R (version 3.1.0). 38 Data were stratified quantile normalized and SVA was performed on the percentage methylation estimates (beta scale) to adjust for potential batch effects.
Age and developmental assessment associations Differences in AOSI score across demographic and technical/laboratory variables were compared using F-tests. Bivariate associations between 12-month AOSI scores and ordinal variables were calculated using linear model trend tests. Similar tests were also performed to assess the degree of association between SVs and demographic/laboratory variables. Spearman rank correlations were estimated between paternal age and offspring 12-month AOSI scores.
Regional DNAm discovery
Regions of CHARM DNAm differences by infant AOSI score were identified using the 'bump hunting' approach previously developed for the CHARM platform, 39 adjusting for estimated surrogate variables. The statistical model treated AOSI as the outcome of interest, and adjusted for paternal age and 10 surrogate variables (described above) as confounders. This model is applied to every high-quality probe on the microarray to identify the adjusted linear effect of AOSI on DNA methylation levels. Regions of differential methylation were identified by smoothing the linear effects of AOSI on DNA methylation, and then thresholding these smoothed statistics across all probes using the 99.9th percentile as a cutoff, as previously described in Jaffe et al. 2012. 39 P-values for each DMR were calculated from a genome-wide empirical distribution of null statistics generated using a linear model bootstrapping approach across 10 000 permutations as described in Jaffe et al. 39 We identified DMRs with a genome-wide family-wise empirical P-value [family-wise error rate (FWER)] < 0.05. Note that the DMRs are ranked prior to the permutation procedure, which is used to identify the threshold that controls for the target genome-wide FWER.
Mean methylation values across the DMR for each sample were also plotted by AOSI score and Spearman rank correlation coefficients estimated. We performed post hoc sensitivity analyses to assess the potential influence of skewed or extreme AOSI scores and the influence of race on identified DMRs. First, to account for right-skewed AOSI scores, a natural log(AOSIþ1) transformation was used in regressions against the average methylation per DMR, for each DMR with P < 0.05. We also considered a dichotomous outcome comparing the highest quartile of AOSI scores (> 10) with the lowest three quartiles. These provide comparisons of effect size magnitude and direction between the discovery DMRs and these alternative forms of AOSI modelling. Bump-hunting models were also reanalysed adjusting for principal components of race (PC1 and PC2 from ancestry analysis of GWAS SNP data) and beta coefficients compared between this race-adjusted model and the primary discovery bump-hunting results.
Gene enrichment analyses
We tested for enrichment of genes within 10 kb of DMRs with FWER < 0.05 based on Gene Ontology (Biological Processes database) 40 using the hypergeometric test 41 restricted to gene sets with at least four members. We used the GOstats R Bioconductor package to compare genes mapped to top DMRs (FWER < 0.05) to all genes on the CHARM array that also have an Entrez ID as background.
Cross-platform validation
We attempted to validate DMRs discovered via CHARM for AOSI score using overlapping genomic coverage on the 450 K array in a partially overlapping set of paternal samples. Within these subsets of genomic sites, linear regression was first used to test the relationship between single-site 450 K DNAm and AOSI score. Statistical models were adjusted for surrogate variables estimated from the data of only overlapping samples (n ¼ 30 samples with seven SVs for AOSI score). Spearman correlation tests were used to calculate the correlation between effect estimates from CHARM and 450K. We calculated mean differences and resulting t-statistics and P-values within each brain region comparing cases to controls using the limma Bioconductor package, 43 and considered probes with differential methylation with P < 0.05 marginally significant for the cross-tissue comparison analysis.
Results
Study sample characteristics
Infant sibling performance on the 12-month AOSI for children of the fathers examined in the CHARM discovery sample ranged from 0 to 18. Fathers were predominantly White and non-Hispanic (73%) and their ages ranged between 27 and 51 years (Table 1) . Sibling AOSI scores were not associated with paternal age (q ¼ À0.04), education level or family income, though higher AOSI scores were observed at the Drexel study site. 
Methylation data quality assessment
DNAm and AOSI score
We identified 2605 candidate DMRs using our bumphunting method in paternal sperm associated with child AOSI score at 12 months and, after permutation analysis, the top193 DMRs had genome-wide P < 0.05. The top 10 ranked DMRs are shown in Table 2, and Supplementary  Table 3 (available as Supplementary data at IJE online) includes the complete list of 193 DMRs. Methylation plots by AOSI score for all 193 DMRs are shown in Supplementary Figure 1 (available as Supplementary data at IJE online). We highlight the top four regions where DNAm associates linearly (genome-wide P ¼ 0.001) with AOSI score in Figure 1 , with the average DNAm across the DMR shown in each inset. Figure 1a shows hypomethylation with increased AOSI score on chromosome 15 overlapping SNORD115-15 where the highest quartile of AOSI scores (! 10) corresponded to 27.5% average sperm methylation compared with 46.9% average methylation for the lowest quartile (<3). Similarly, Figure 1b and c shows hypomethylation with increased AOSI scores on chromosome 15 covering SNORD115-11 and SNORD115-17, respectively, with differences in regional average methylation between the highest and lowest AOSI quartiles of 19.7% and 22.6%, respectively. Figure 1d illustrates hypermethylation with increased AOSI scores on chromosome 1 overlapping SMYD3, with 68.9% average methylation for the highest AOSI score quartile compared with 47.3% average methylation of the lowest quartile.
An inverse relationship between AOSI and DNAm was observed at 141 (73%) of these regions. These DMRs Chr, Chromosome *Genome-wide family-wise empirical P-value.
overlapped genes (87 were located within 10 kb of a gene) that were enriched for gene ontology biological processes of cellular movement, neurogenesis and neuronal development categories (Table 3) . Sensitivity analysis involving linear regression on log-transformed AOSI scores [ln(AOSIþ1)] yielded consistent results with the bumphunting performed on the linear AOSI models described above-all 193 DMRs matched directionality with regression statistics and 144/193 regions (74.6%) had P < 0.05. Similarly, when performing linear regression using a model of the highest quartile of AOSI score relative to the other three quartiles, the results were also consistent with the primary analyses-all 193 DMRs matched directionality with regression statistics and 142/193 regions (73.6%) had P < 0.05. Results from bump-hunting analyses that adjusted for principal components of race were not substantially different from those reported. Beta coefficients for DMRs before and after race adjustment were highly correlated (q ¼ 0.99, Supplementary Figure 3 , available as Supplementary data at IJE online). Among these 193 AOSI-associated DMRs, we extracted Illumina 450 K probes located within 500 bp of the region boundaries. This was possible for75 (38.9%) CHARMdiscovered DMRs (see Supplementary Table 4 , available as Supplementary data at IJE online) represented by 244 probes on the 450 K array. The direction of association between AOSI and DNAm was consistent with CHARM results for 74 (98.7%) of these 75 regions (Figure 2 ).
AOSI-associated DMRs in post-mortem brain
A subset of the AOSI-associated DMRs identified in semen also shows directionally consistent effects in post-mortem human brain samples in a study comparing patients with ASD with unaffected controls. The AOSI DMRs were most consistent comparing cases and controls in the cerebellum, where 21 of 75 of AOSI-associated DMRs contained at least one Illumina 450 K probe that was differentially methylated comparing autism with controls at P-value < 0.05; 18 of these were directionally consistent with the sperm AOSI score association data (e.g. DNAm positively associated with both AOSI score in semen and in ASD brains). This crosstissue consistency was not present in the cortical brain regions-in the frontal cortex, only 12 AOSI DMRs were significant, of which 3 were directionally consistent, and in the temporal cortex, only 10 AOSI DMRs were significant, of which 2 were directionally consistent. Surprisingly, 15 of 18 cerebellum-consistent AOSI DMRs were overlapping genes in the SNORD families (Supplementary Table 5 , available as Supplementary data at IJE online).
Discussion
In summary, we observed a strong relationship between DNA methylation in sperm from fathers and 12-month ASD-related phenotype in infant siblings within an autism enriched-risk birth cohort. The degree of methylation change was quite substantial compared with recent reports for other epigenome-wide association studies (EWAS): 6.2-30.7% difference between top and bottom quartiles of AOSI score among the 193 DMRs with FWER < 0.05. These AOSIassociated DMRs showed enrichment for genes involved in neurogenesis and more general neuronal development. We focused on 12-month infant developmental assessment as a measure of early ASD-related phenotype. Total scores on the AOSI administered to high-risk infants at 12 months of age has shown high inter-rater reliability (0.93), test-retest reliability (0.61) and correlation with ASD diagnosis at age 3 years. 31 Because of the unusual nature of this prospective high-risk cohort, direct replication is difficult. However, an independent data set of autism and control brains showed overlap with the AOSI-associated DMRs, with 18 of 21 genes directionally consistent in methylation values. How might these DMRs contribute to ASD? The sperm contributes half of the genome to somatic cells, and after germline reprogramming (except for generating germ cells in the next generation), this would likely persist into brain development. 44 The fact that these genes were enriched for neurological function is consistent with this idea. 47 Gene dosage alterations in this region are also associated with ASD. 48, 49 The data reported here suggest that paternal epigenetic changes of this gene cluster confer risk of ASD among offspring, at least among those with an older affected sibling. Molecularly, aberrant imprinting, as seen in Prader-Willi syndrome, would not explain these results as the paternal allele is normally expressed. The association with the cerebellum is intriguing. A case report of twins discordant for ASD showed cerebellar anatomical changes in the affected twin, 49 and some neuro-imaging studies have shown changes in the cerebellum in autism, or autistic features in children with cerebellar defects. 50, 51 One potential limitation of the study is that DNA was extracted from semen rather than purified sperm, so we can not absolutely rule out some partial cell type confounding. However, DNA methylation has been shown to be highly uniform regardless of the quality of sperm subpopulations.
52,53 Thus, we did not adjust for sperm quality or subpopulations. Also, there has been recent increased awareness of possible bias in enrichment statistics when gene size is not considered. 54 We found no difference between gene size (P ¼ 0.055), coding length (P ¼ 0.79) and GC content (P ¼ 0.1) comparing DMRs with FWER < 0.05 (n ¼ 193) with those with FWER > 0.05 (n ¼ 2412). Further, the average gene length was actually shorter for AOSI DMRs in our results (144 kb vs 178 kb). Additionally, the CHARM design features sets of probe groups, each with very evenly spaced probes (56-90 bp), which was designed solely to target regions of at least moderate CpG density in the genome in an annotation-agnostic manner. Note this is different from the more promoterfocused designs, where probe density has been shown to bias gene set analysis. The CHARM method is less quantitative at individual loci, due to the use of a restriction enzyme and how signal is measured. However, we have previously shown that it is more powerful for identifying relative changes in DNAm at the region level. 55 The prevalence of autism spectrum disorder (ASD) has been increasing in recent years, but even the current estimate of 1-2% 2 makes study of a general population prospective pregnancy cohort not feasible for ASD. For diseases such as ASD that demonstrate familial aggregation, disease-specific enriched-familial risk cohort studies are a commonly employed design. 30 There is a long history of enriched-risk (family-based) cohort studies in epidemiology 29, 56, 57, 58 to examine risk factors for rare diseases. These studies are not designed to be generalizable to the general population, though targeted results from an enriched-risk cohort can be replicated in a representative population to test generalizability. Nevertheless, in our study, fathers of second children with high and low AOSI scores are from the same underlying EARLI enriched-risk population, and thus effect estimates of association are not distorted due to selection bias, but are in fact internally valid. In summary, we have identified relatively large interindividual differences in paternal sperm DNAm that associate with later 12-month ASD-related phenotype in their biological offspring, among a sample of autism enrichedrisk infant siblings. Many of these regions of paternal sperm DNAm were also associated with ASD in cerebellum brain samples. Further, the genes implicated are enriched for neurodevelopment and include regions implicated in Prader-Willi syndrome. This unique set of biosamples is comparatively small, given the nature of the biosample type and required perinatal collection timing in an enriched-risk cohort. Thus it is important to examine these findings in larger samples to confirm these associations and explore mechanistic implications.
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